The histidine containing phospho carrier protein (HPr) kinase͞phos-phatase is involved in carbon catabolite repression, mainly in Grampositive bacteria. It is a bifunctional enzyme that phosphorylates Ser-46-HPr in an ATP-dependent reaction and dephosphorylates P-Ser-46-HPr. X-ray analysis of the full-length crystalline enzyme from Staphylococcus xylosus at a resolution of 1.95 Å shows the enzyme to consist of two clearly separated domains that are assembled in a hexameric structure resembling a three-bladed propeller. The Nterminal domain has a ␤␣␤ fold similar to a segment from enzyme I of the sugar phosphotransferase system and to the uridyl-binding portion of MurF; it is structurally organized in three dimeric modules exposed to form the propeller blades. Two unexpected phosphate ions associated with highly conserved residues were found in the N-terminal dimeric interface. The C-terminal kinase domain is similar to that of the Lactobacillus casei enzyme and is assembled in six copies to form the compact central hub of the propeller. Beyond previously reported similarity with adenylate kinase, we suggest evolutionary relationship with phosphoenolpyruvate carboxykinase. In addition to a phosphate ion in the phosphate-binding loop of the kinase domain, we have identified a second phosphate-binding site that, by comparison with adenylate kinases, we believe accommodates a product͞substrate phosphate, normally covalently linked to Ser-46 of HPr. Thus, we propose that our structure represents a product͞substrate mimic of the kinase͞phosphatase reaction.
The histidine containing phospho carrier protein (HPr) kinase͞phos-phatase is involved in carbon catabolite repression, mainly in Grampositive bacteria. It is a bifunctional enzyme that phosphorylates Ser-46-HPr in an ATP-dependent reaction and dephosphorylates P-Ser-46-HPr. X-ray analysis of the full-length crystalline enzyme from Staphylococcus xylosus at a resolution of 1.95 Å shows the enzyme to consist of two clearly separated domains that are assembled in a hexameric structure resembling a three-bladed propeller. The Nterminal domain has a ␤␣␤ fold similar to a segment from enzyme I of the sugar phosphotransferase system and to the uridyl-binding portion of MurF; it is structurally organized in three dimeric modules exposed to form the propeller blades. Two unexpected phosphate ions associated with highly conserved residues were found in the N-terminal dimeric interface. The C-terminal kinase domain is similar to that of the Lactobacillus casei enzyme and is assembled in six copies to form the compact central hub of the propeller. Beyond previously reported similarity with adenylate kinase, we suggest evolutionary relationship with phosphoenolpyruvate carboxykinase. In addition to a phosphate ion in the phosphate-binding loop of the kinase domain, we have identified a second phosphate-binding site that, by comparison with adenylate kinases, we believe accommodates a product͞substrate phosphate, normally covalently linked to Ser-46 of HPr. Thus, we propose that our structure represents a product͞substrate mimic of the kinase͞phosphatase reaction.
signaling ͉ catabolite repression ͉ P-loop ͉ PEPCK ͉ AdK T he bacterial phosphoenolpyruvate (PEP)-dependent sugar phosphotransferase system (PTS) is a multicomponent transport system responsible for the uptake of carbohydrates. By using PEP as a primary phosphoryl group donor it catalyzes the phosphotransfer via the two general components enzyme I (EI) and histidine phospho carrier protein HPr to sugar specific enzyme II (EII) complex composed of hydrophilic domains EIIA and EIIB and the membrane-spanning domain EIIC (1) . Besides its function as a group translocation system for carbohydrate uptake, PTS is a signaling device; it is linked to nitrogen metabolism (2), chemotaxis toward the sugar substrate (3), and additional regulatory functions (4) .
In enteric bacteria, the regulation of carbohydrate metabolism is mediated by EIIA glc of the PTS, which is the soluble part of the glucose-sensing membrane-associated EII complex (5, 6), whereas in Gram-positive bacteria, the regulation centers on the phosphocarrier protein HPr. HPr contains two phosphorylation sites. During the PEP-dependent phospho transfer, HPr is phosphorylated at His-15 by EI. In addition, HPr is subject to regulatory phosphorylation at Ser-46 by the ATP:Mg 2ϩ -dependent HPr kinase͞phos-phatase (HPrK), a general sensor for ATP, free phosphate (P i ), and glycolytic intermediates (7) (8) (9) (10) . The bifunctional enzyme has been identified in several Gram-positive microorganisms (7, (11) (12) (13) and some pathogenic bacteria (14-16) as well. ATP-dependent protein kinases have long been known to play a key role in the regulation of metabolism and signal transduction in eukaryotic organisms (17) but were discovered later also in prokaryotes (18, 19) . The lack of sequence similarities of HPr kinase͞phosphatase to other protein kinases indicates that HPrK represents a new family of bacterial ATP-dependent protein kinases.
In the presence of glucose and certain rapidly metabolizable carbohydrates, HPrK preferentially acts as a kinase, stimulated by high ATP levels. In addition, a stimulatory effect of fructose-1,6-bisphosphate (F-1,6-BP) can be observed, which differs among the organisms previously described. In Bacillus subtilis, the HPrK is active only in the presence of F-1,6-BP (11), whereas in Streptococcus salivarius, Enterococcus faecalis and Mycoplasma pneumoniae this metabolite does not affect the kinase activity of the enzyme (7, 12, J. Stülke, personal communication). For HPrK of Staphylococcus xylosus, it could be observed that F-1,6-BP indeed increases the kinase activity in the presence of 2 mM ATP, albeit to a lower extent. Possibly, other unidentified effectors may exist that are dependent on the external energy and carbon availability and, therefore, of the natural habitat of each organism.
Phosphorylation of HPr on Ser-46 induces various effects on carbohydrate metabolism. First, PEP-dependent phosphorylation of HPr is diminished drastically and, in consequence, sugar uptake via PTS is strongly decreased (20) . As an additional function, P-Ser-46-HPr serves as a signaling molecule and acts as a transcriptional corepressor in Gram-positive bacteria. It is involved in carbon catabolite repression and activation through its interaction with catabolite control protein A (21-23), a transcription factor of the GalR͞LacI family of regulatory proteins (24, 25) .
To understand the mechanistic principles of HPrK activity at the atomic level, we have crystallized the full-length HPrK from Staphylococcus xylosus and determined its structure at 1.95 Å resolution by x-ray crystallography. Our results will be discussed in light of biochemical and structural work on related systems. This paper was submitted directly (Track II) to the PNAS office.
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Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID code 1ko7). § To whom reprint requests should be addressed. E-mail: Klaus.Scheffzek@embl-heidelberg.de.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Materials and Methods
Protein Expression and Purification. The hpr K͞P gene from S. xylosus was derived from plasmid pKIN7 (13) and amplified by PCR. The PCR product (950 bp) containing the gene was cloned blunt end in the SmaI site of pUC20 (Roche Molecular Biochemicals) and sequenced. Subsequently, the fragment was excised from this vector with NdeI and BamHI and cloned into pET11a (Novagen) in which the gene could be expressed under the control of the T7 promoter in the strain E. coli BL21 (DE 3; Stratagene). Cells (11.2 g) were harvested by centrifugation, resuspended in 20 ml of buffer A (50 mM Tris⅐HCl, pH 7.5͞10
M DTT) and disrupted by ultrasonic treatment. Cell debris was removed by centrifugation for 15 min at 20 000 ϫ g; the supernatant containing membrane fragments was centrifuged twice for 1.5 h at 150 000 ϫ g, dialyzed against buffer A for at least 12 h, and applied to a Q-Sepharose column (3 cm ϫ 10 cm; Amersham Pharmacia). After gradient elution, the pool was adjusted to 20% ammonium sulfate and loaded on a Butyl TSK column (5 cm ϫ 20 cm; TosoHaas, Montgomeryville, PA) preequillibrated with 20% ammonium sulfate in buffer A. HPrK eluted at 8.8-13.2% ammonium sulfate. The pool was concentrated and loaded onto a Sephadex G-200 gel filtration column (5 cm ϫ 90 cm; Amersham Pharmacia). The HPrK pool was desalted on a Sephadex G-25 column (2 cm ϫ 22,5 cm; Amersham Pharmacia) equilibrated with 50 mM ammonium hydrogen carbonate. After lyophilization, the pool contained 130-140 mg homogeneous HPrK. For crystallization experiments, the protein was dissolved in 50 mM Hepes, pH 7.5 and concentrated to about 40 mg͞ml by using a centricon concentrator (Amicon).
Crystallization and X-Ray Analysis. Rhombohedral crystals of space group R32 were grown at room temperature (Ϸ20°C) from hanging drops composed of equal volumes (typically 2 ϩ 2 l) of protein (10-20 mg͞ml) and crystallization buffer (1.6 M Na͞KP i , pH 7,6; Hampton Research, Riverside, CA), suspended over a reservoir containing 500 l of crystallization buffer. The crystals appeared after 2-5 days and grew to a full size of typically 200 ϫ 200 ϫ 100 m 3 within Ϸ2 weeks. The presence of 0.5 mM AppNHp in the crystallization medium seemed to improve crystal size. For data collection, crystals were transferred to reservoir solution containing 15% ethylene glycol as cryoprotectant and were subsequently frozen in a cryogenic nitrogen stream of 100 K temperature. Initial data were recorded at beamlines ID13 and ID14-2 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. A data set of 1.95 Å resolution was collected from one single crystal at beam line ID14-4 at ESRF. Data processing and scaling were done with the program XDS (26) .
The structure was determined with the molecular replacement method using the coordinates of the C-terminal domain of HPrK from L. casei (27) as a search model in calculations with the program CNS (28) . Strong tetrahedral maxima of electron density within the P-loop region and in the subunit interface were interpreted as phosphate ions, based on the crystallization from Na͞KP i . After several rounds of model building and refinement, all done with O and CNS, respectively, and the addition of solvent molecules, we arrived at a model that consists of two chains comprising almost all residues (excluding 233-245 and 299-314) of HPrK, three phosphate moieties each, and 293 solvent molecules. Visual representation of the structural models was done with the programs MOLSCRIPT (29) and RASTER3D (30) .
Results and Discussion
Structure Determination and Overall Architecture. Full-length HPrK (314 amino acids) from S. xylosus was overexpressed in Escherichia coli, purified, and crystallized as described in Methods. The structure was solved with the molecular replacement method, using the structure of the C-terminal (kinase) domain of Lactobacillus casei (27) as a search model. The current model of the asymmetric unit, refined to a resolution of 1.95 Å with R work and R free of 22.6% and 24.6%, respectively (see Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org), includes two chains of HPrK and contains all residues except for 233-245 and 299-314, which are disordered in the crystal. The crystallographic analysis is summarized in Table 1 . The segment 233-245 is in an exposed area and is cleaved in limited proteolysis experiments (S. Hasenbein, unpublished observations). Three neighboring dimers in the crystal lattice are strongly intertwined, giving rise to a compact hexameric structure. The overall shape resembles a threebladed propeller of 150 Å in diameter and 60 Å in thickness. The blades are formed by two N-terminal domains each, and the compact central hub assembles the C-terminal kinase domains (Fig.  1) . Analytical ultracentrifugation experiments (data not shown) support the idea that, like the L. casei enzyme (27) 
Architecture of the HPrK Subunit. The structural model of a single subunit reveals two clearly separated domains: an N-terminal mixed ␤␣␤-like domain (HPrK N , residues 1-130) and a C-terminal domain (HPrK C , residues 131-298) responsible for kinase͞phospha-tase activity ( Fig. 1; ref. 27 ). Fig. 2 shows a sequence alignment of various HPrK species with the assignment of secondary structure elements for our model included. HPrK C is very similar to the corresponding domain of HPrK from L. casei, and according to the program DALI (31) , resembles adenylate kinase (AdK)-like proteins (27, 32) and is related to the C-terminal domain of PEP carboxykinase (PCK, see below) (34, 35) .
The two domains are connected by an ␣-helix (␣6) and do not show apparent intra-molecular contacts. The two chains in the asymmetric unit are arranged in a parallel orientation: the two N-terminal domains from different chains (see below) interact with each other to form a dimeric structure (Fig. 3) as do the two C-terminal domains. In this parallel orientation, HPrK N and HPrK C dimers do not show apparent crossdomain contacts with each other within the asymmetric unit, forming clearly distinct structural elements (Fig. 1C) . Domain HprKN, a Phosphate-Binding Module? Our structure analysis reveals that the previously uncharacterized N-terminal segment (1-130) folds as an independent globular domain (HPrK N ). It consists of a central five-stranded mixed ␤-sheet surrounded by eight helices (Figs. 2 and 3) . A search with DALI (31) indicated significant similarity (score 4.2) with the archaeal thermosome (35) and with the ␣͞␤ subdomain from EI of the PTS system (36, 37), but not with its HPr binding domain (ref. 38, see Note 1, which is published as supporting information on the PNAS web site). The dimer interface between two HPrK N partners is made up of almost exclusively polar interactions involving mostly conserved residues (Figs. 2 and 3 ) and a number of water molecules.
A striking and unexpected feature in the HPrK N dimer interface is the presence of two tetrahedrally shaped electron-density peaks located at the N-termini of the helix dipoles derived from helices ␣3 and ␣6. Given the crystallization from sodium͞potassium phosphate, we interpret them as P i ions (39) . Beyond interactions with the main chain amides derived from ␣3, they are stabilized by intra-(mediated by Arg 33͞88, Thr-55͞56͞114) and inter-subunit (mediated by Arg-49, Tyr-45) contacts (Fig. 3 and Fig. 5 , which is published as supporting information on the PNAS web site). The distance between the two phosphorus atoms is about 17 Å. The structural arrangement of the phosphates along with stabilizing arginines resembles a planar network in the interface between the two N-terminal domains (Fig. 3) .
The function associated with the N-terminal domain is presently not well characterized at the biochemical level. If it contributes to enzyme activity, it is likely to have only a regulatory role, because the C-terminal domain from L. casei has a catalytic activity similar to the full-length enzyme (27) . From our structure, it is likely that binding of a phosphorylated compound͞protein is playing a role in its function. Indeed, a number of phosphate-containing substrates have been shown to affect HPrK activity. However, current biochemical evidence supports the view that regulation by P i and probably also by F-1,6-BP does not require the N-terminal domain. The structure does not suggest how regulatory signals would be transmitted from the phosphate-binding site in HPrK N to the active site of HPrK C (Fig. 1C, see below) . Given its relative structural independence, it is possible that HPrK N represents a module of a distinct function, for example, a protein-protein interaction domain. As already mentioned by Brochu and Vadeboncoeur (7), glycolyzing cells of Streptococcus salivarius also contain P-His-15-HPr and doubly phosphorylated (P-Ser-46)(P-His-15)HPR, which could influence the HPrK activity. Also, phosphorylated EIIA-or EIIB-domains of the glucose specific enzyme II complex, which are (27) . The two molecules have an amino acid sequence identity of 48% and superimpose with an rmsd value of 1.3 Å, aligning 148 C␣ atoms out of 155 corresponding residues. It is made up of a central fivestranded mixed ␤-sheet flanked by four ␣-helices and by two smaller ␤-sheets (Fig. 6 , which is published as supporting information on the PNAS web site). According to DALI (31) , the structure resembles AdK (27, 32) and has an even higher similarity with the C-terminal domain of PCK ( Fig. 6; ref. 33) , which DALI returns with a score of 7.8, aligning 128 structurally equivalent C␣ atoms with an rmsd value of 2.8 Å. A multiple sequence alignment (not shown), including members of HPrK and PCK families, indicates significant sequence similarity, suggesting that the two proteins are, in fact, evolutionarily related.
It was not unexpected from the crystallization conditions to find a phosphate ion P i in the P-loop (ref. 40 ; residues 151-158) that normally accommodates the ␤-phosphate of the bound nucleotide, similar to what was observed previously in HPrK C from L. casei or earlier in adenylate kinase (41) . It is stabilized in the known way by the helix dipole of ␣7, main chain amides, sharing typical P i contacts with the conserved Lys-157 of the phosphate binding (P) loop motif (GxxxxGKS͞T; ref. 40) . Additional contributions come from Arg-202 and Arg-267 of a neighboring subunit contacting the P i by means of a water molecule (Fig. 6) . (47) . N-terminal (HPrKN) and C-terminal (HPrKC) domains are indicated. Dashed lines show sequence regions that are not ordered in the crystals (see text). The P-loop region is indicated as a red box. Pink squares denote residues that interact with phosphate ions, and green dots indicate amino acids involved in inter-subunit interactions in the N-terminal (light green) and C-terminal (dark green) domains. In HPrK C, light-pink squares indicate typical P-loop phosphate interactions, and dark-pink squares mark interactions with the second phosphate molecule (see text). Residues K157 and R202 contact both phosphates. Based on structural similarities to NMP kinases and PCK, the region composed of amino acids 263 to 268 (cyan box) is predicted to interact with the adenine moiety of the ATP.
In addition to the P-loop-bound phosphate, we have identified a second phosphate-binding site, not observed in the L. casei HPrK structure (27) , in close proximity. The distance between the two phosphorus atoms in our structure is about 4.5 Å. The second phosphate is stabilized by polar interactions with the highly conserved Ser-153, Lys-157, and Arg-202 ( Fig. 2 and Fig.  4) . In trying to understand whether this site represents aspects of the biochemical reactions catalyzed by HPrK or whether it is just a favorable binding site, we compared our model with PCK (34) and different AdK-related NMP kinases in substrate and product-bound states (32) . Strikingly, in a superposition of uridylate kinase from yeast (UK yeast ) bound to two ADP molecules (42, 43) , the ␤-phosphate positions of the bound nucleotides almost perfectly match the sites occupied by the two . Phosphate 1 occupies the position of the ␤-phosphate of ATP and is additionally stabilized by water-mediated contacts with R267 from a neighboring subunit. Phosphate 2 (closest to S153) we propose to represent the position of the ␥-phosphate of ATP after its transfer to Ser-46 of HPr. Major interactions stabilizing the phosphate ions are shown as blue dashed lines. H136 seems to adopt alternative conformations in the structure, both of which are displayed. (B) P-loop region of HPrK C (yellow) superimposed on the AdK-related UKyeast, bound to two ADP molecules (PDB code 1uky), shown in ball and stick. Electron density corresponding to the two phosphate ions found in HPrK C has been included, matching nearly perfectly the ␤-phosphate positions of ADP bound to UKyeast. Residues in UKyeast that are structurally equivalent to those in the P-loop of HPrKC are also displayed. K29 and R142 of UK yeast, equivalent to K157 and R202, contact both phosphate ions and are believed to play a role in catalysis through stabilization of transition states. The putative adenine-binding loops are depicted in cyan; the corresponding loop (blue) from neighboring subunit of HPrK is included.
phosphate moieties in our structure (Fig. 4) . Therefore, we reasoned that, by analogy, the second phosphate in our HPrK C domain might in fact represent the position of the ␥-phosphate of ATP after its transfer to Ser-46 of HPr. To test this hypothesis, we superimposed the phosphate group of p-Ser-46-HPr from E. faecalis (44) onto the refined position of the second phosphate in HPrK C . This alignment resulted in a docking model that would require only moderate conformational changes to form a sterically favorable complex. In addition, the environment of the phosphate moiety and of the docked HPr is surrounded by a number of invariant residues, including His-136, Asp-174͞Asp-175, Ser-153, Glu-200, and by Phe-293 from a neighboring subunit. In this scenario, as in the docking model obtained previously by simulated annealing (27) , the flexible loop (233-245) containing additional highly conserved residues might become ordered upon interaction with HPr. A similar comparison with the more closely related PCK will have to await a structural model of a product-bound state of this enzyme.
The analysis of the phosphate binding area in HPrK C has revealed remarkable similarities with the active sites of UK yeast and other AdK-related NMP kinases (Fig. 4 ) and even more with PCK, although some residues are derived from topologically different regions. Residues contacting the phosphate moieties seem to be functionally homologous to their counterparts in UK yeast or PCK. For example, Lys-157 and Arg-202 contact both phosphate moieties in a conformation very similar to that seen in UK yeast and other NMP kinases and are likely to be involved in catalysis (45) . Indeed, mutation of Lys-157 to methionine in HPrK from E. faecalis abolishes kinase and phosphatase activities (46) . Likewise, mutations of residues in the phosphatebinding area of HPrK from Mycoplasma pneumoniae, including counterparts of Arg-202, Ser-153, and Glu-159, differentially affect kinase and phosphatase activities (Stülke, personal communication). It seems that with the basic structural arrangement found in HPrK, PCK, and NMP kinases, nature has evolved a protein scaffold suitable for phosphotransfer reactions on multiple substrates, ranging from nucleotides and metabolic intermediates to high-molecular weight substrates like proteins.
Conclusions
The bifunctional HPrK protein kinase͞phosphatase plays a key role in carbon catabolite repression. High ATP levels and low P i concentrations, concomitant with high nutritional states, stimulate the kinase activity. In contrast, low ATP and high P i concentrations, occurring during starvation, inhibit the kinase and stimulate the phosphatase activity. Our structural model revealed the modular architecture of the protein assembled in a propeller-shaped hexamer and showed features of the catalytic machinery in great detail. The structural model sets the stage for further functional analysis of the protein; in particular, the role of the previously uncharacterized N-terminal domain as a putative regulatory device is now accessible to targeted investigation of relevant structural͞functional features that may be involved in the regulation of the balance between both activities. Compared with the C-terminal catalytic region, the N-terminal domain is less conserved among the HPrKs from various microorganisms and thus may reflect a species-specific adaptation to varying environmental conditions. The common features of the catalytic machinery in HPrK, PCK, and AdK-related NMP kinases suggests that nature has recruited similar structural scaffolds to catalyze phosphotransfer to different types of substrates.
